MODIS reflective solar bands (RSB) calibration is provided by an on-board solar diffuser (SD). On-orbit changes in the SD bi-directional reflectance factor (BRF) are tracked by a solar diffuser stability monitor (SDSM). The SDSM consists of a solar integration sphere (SIS) with nine detectors covering wavelengths from 0.41 to 0.94 μm. It functions as a ratioing radiometer, making alternate observations of the sunlight through a fixed attenuation screen and the sunlight diffusely reflected from the SD during each scheduled SD/SDSM calibration event. Since launch, Terra and Aqua MODIS SD/SDSM systems have been operated regularly to support the RSB on-orbit calibration. This paper provides an overview of MODIS SDSM design functions, its operation and calibration strategies, and on-orbit performance. Changes in SDSM detector responses over time and their potential impact on tracking SD on-orbit degradation are examined. Also presented in this paper are lessons learned from MODIS SD/SDSM calibration system and improvements made to the VIIRS SD/SDSM system, including preliminary comparisons of MODIS and VIIRS SDSM on-orbit performance.
INTRODUCTION
Terra and Aqua MODIS have successfully operated for more than 12 and 10 years since their launch in December 1999 and May 2002, respectively. MODIS observations are made in 36 spectral bands. Bands (1-19 and 26) are the reflective solar bands (RSB), covering wavelengths from 0.41 to 2.2 μm. The remaining bands (20-25 and 27-36) are the thermal emissive bands (TEB) [1] [2] [3] . The MODIS RSB calibration is reflectance based via an on-board solar diffuser (SD). The SD bi-directional reflectance factor (BRF) was characterized pre-launch by the instrument vendor. In order to track on-orbit changes in the SD BRF, MODIS was built with a solar diffuser stability monitor (SDSM). It is an instrument by itself and functions essentially as a ratioing radiometer. It is operated during each regularly scheduled SD/SDSM calibration, making alternate observations of the direct sunlight (Sun view) through a fixed attenuation screen and the sunlight diffusely reflected from the SD (SD view). Relative changes of the ratios of SDSM SD view responses to its Sun view responses are used to determine SD on-orbit degradation. The Visible/Infrared Imager Radiometer Suite (VIIRS), onboard the newly launched Suomi National Polar-orbiting Partnership (S-NPP) spacecraft, was designed and built with strong MODIS heritage. It carries a similar SD and SDSM system with improvements made based on lessons from MODIS design and performance. The same system will also be implemented for future VIIRS instruments on the Joint Polar Satellite System (JPSS) satellites. This paper provides a brief overview of SDSM design functions, its on-orbit operations, and performance for both Terra and Aqua MODIS. It examines the changes in SDSM detector responses over time and their potential impact on tracking SD on-orbit degradation. Calibration strategies developed for and lessons learned from MODIS SDSM operations are discussed. Also reported in this paper are preliminary comparisons of S-NPP VIIRS and Terra/Aqua MODIS SDSM on-orbit performance.
MODIS SDSM SYSTEM
MODIS SDSM, shown in Figure 1 , is a stand-alone instrument designed to track the SD (also shown in Figure 1 ) onorbit degradation through alternate observations of its Sun view and SD view during each scheduled SD/SDSM calibration event. The SDSM views the Sun through a fixed attenuation screen in order to match the Sun view signals with the reflected signals from its SD view. In principal, the SDSM functions as a ratioing radiometer. It consists of a small (2" in diameter) solar integration sphere (SIS) with nine filtered detectors inside the SIS covering wavelengths from 0.41 to 0.94 μm. The SDSM detector filters were similar to those used for MODIS VIS/NIR spectral bands. Table 1 is a summary of SDSM detector wavelengths and the corresponding MODIS visible (VIS) and near infrared (NIR) spectral band wavelengths. Figure 2 is a schematic of the MODIS RSB on-orbit calibration via its SD and SDSM system. An optional SD screen (SDS) is designed and used for calibrating MODIS high gain bands (8) (9) (10) (11) (12) (13) (14) (15) (16) ). These bands, primarily used for ocean color observations, saturate when viewing the sunlight directly reflected from the SD panel. The nominal transmission of the SDS is approximately 7.8%. During each SD/SDSM calibration event, multiple scans of alternate Sun view, SD view, and dark view (for background subtraction) data are collected. This is accomplished via a rotating mirror within the SDSM system. Except for the fixed viewing factor differences and attenuations, this design enables the same optics, detectors, and electronics to be used for different SDSM views. For each SDSM detector, changes of the ratios of SDSM SD view responses to its Sun view responses over time are used to determine the SD on-orbit degradation at its wavelength. Ideally, the sunlight transmitted through a fixed number of pinholes of the SDSM screen is projected to the entrance port of the SDSM SIS during each calibration event. This requires a perfect geometric match of the SDSM screen design and the entrance port of the SIS so that the vignetting effect of the fixed SDSM screen is minimized during SD/SDSM calibration. On-orbit observations and subsequent investigations, however, had revealed a design error in the MODIS SDSM sub-system, which led to solar illuminating angle dependent variations (or ripples) in the SDSM Sun view response that were much larger than expected. Because of this, the original ratioing approach could not be used to track the SD degradation accurately. To mitigate this deficiency, the MODIS Characterization Support Team (MCST) at NASA/GSFC developed an approach, which normalizes the SDSM detector responses by the detector 9 (0.94 μm) response. This approach relies on the fact that the similar patterns or ripples exist in all SDSM detector responses and assumes that the change of the SD BRF at 0.94 μm is extremely small. This assumption was based on previous studies and confirmed or validated based on MODIS SD on-orbit performance. Details of MODIS RSB calibration algorithm and SD on-orbit degradation studies can be found in a number of references [4] [5] [6] [7] [8] [9] . 
ON-ORBIT OPERATION AND CALIBRATION
The MODIS SD and SDSM system is designed to provide the RSB on-orbit calibration ( Figure 2 ). Its operation is scheduled on a regular basis. To cover all RSB bands, each calibration event normally consists of two sets of SD observations: one with the SDS in place (for the high gain bands) and another without the SDS (for the low gain bands). The two sets of SD observations are performed in consecutive orbits. Because the solar diffuser door (SDD) and SDS are controlled by the same step-motor, the optimal calibration sequence is to have the calibration with the SDS performed first. Nominally, the SDSM is operated during each set of SD calibration. The SDD is commanded to an open position only during each regularly scheduled SD/SDSM calibration. The SDD is closed when no calibration is scheduled in order to protect the SD from unnecessary solar exposure.
For Terra MODIS, the SD/SDSM was operated daily at the beginning of the mission for about 1 week and thereafter on a weekly basis. After 20 months, its operation frequency was switched to a bi-weekly basis. During the period from January 2002 to May 2003, the SDSM was operated at a "fixed mode". In this mode, the SD view data is collected continuously during SD calibration without the SDS and the Sun view data collected during SD calibration when the SDS is in place. An SD door operation anomaly in May 2003 had led to the decision to set the SDD permanently at the "open" position and keep the SDS in place. This has been the SDD/SDS configuration for Terra MODIS since July 2 nd , 2003 5, 10 . This configuration allows the SD calibration to be performed every orbit but only with the SDS in place, which is suitable for MODIS high gain bands but not for the low gain bands due to significant decrease of detector signals (by a factor of 1/0.078). Furthermore, more frequent solar exposure has caused the on-orbit SD degradation rate to increase.
Although the SD calibration is performed every orbit, the SDSM operation remains on a regularly scheduled basis. Starting from February 2009, the SDSM operation is performed tri-weekly. Table 2 provides a summary of Terra MODIS SD/SDSM operation frequencies used since launch.
For Aqua MODIS, the SD/SDSM has been operating based on the scheduled frequencies summarized in Table 3 . The SDD remains closed when there is no calibration event. It should be pointed out that MODIS design lifetime was specified to be six years. In addition, there was a specified number (or limit) of movements provided by the manufacturer for the SDD step motor. Since spacecraft launch, Aqua MODIS has operated SD/SDSM calibrations nominally for more than 10 years. The frequencies have been gradually reduced as the mission continues. Starting from May 2008, the Aqua MODIS SD/SDSM calibration without the SDS has been performed once every six weeks and the calibration with the SDS continues to be scheduled once every three weeks. This SD/SDSM operation and calibration strategy was based on the observation that the faster SD degradation is mainly seen in the shorter wavelength ocean (high gain) bands, which are calibrated with the SDS in place and that the SD calibration without the SDS requires more SDD step-motor movements. Figure 4 . A nominal SD calibration is performed using 40 scans of data in the sweet spot range when the SD is fully illuminated in an approximate 10.5º-14.2º range of elevation angles. In general, the SDSM SD view profiles are very similar to those seen by MODIS detectors. Large ripples (periodic angle dependent variations) in the SDSM Sun view profiles are mainly due to the mismatch of its Sun view screen to the SIS entrance port. Because of this design mismatch, the amount of sunlight projected to the SIS entrance port, after it is transmitted from SDSM Sun view screen, varies significantly with the solar incident angles to the screen [7] [8] [9] .
Proc. of SPIE Vol. 8510 85100H-4 Overall changes in SDSM SD view response include on-orbit changes in the SD BRF, as the light seen by SDSM during this configuration is reflected off the SD panel, and changes in its system responses, which are a function of rotating mirror reflectivity, SIS interior surface reflectivity, detector gains, and electronic gains. On-orbit observations have shown that MODIS SD degradation is faster at shorter wavelengths 5, 6 . From the Sun view profiles shown in Figures 3  and 4 , despite their variations with solar illumination angles, it is clear that on-orbit changes in the SDSM detector 9 responses have been much larger than the responses for detector 1. Plotted in Figure 5 are the SDSM detector responses from its SD view (left) and Sun view (right) as a function of time for its individual detectors. Similar to Figures 3 and 4 , only bias correction (i.e. background subtraction) has been applied to both the SD and Sun view responses. The responses shown in Figure 5 are averaged signals within the calibration sweet spot range. Only calibration events when the SD screen is at the open (or up) position are used in producing these time series. When the SD screen is at the closed (down) position, the overall trending is identical, with the exception that the signals from the SDSM SD views are much smaller and have additional small variations as a result of SD screen attenuation. In addition to the impact due to solar illumination angles, SD BRF (at fixed SDSM SD view angles), and the SDSM screen, a relatively large periodic oscillation, seen in both the SD view and Sun view responses, is caused by the distance variation between the Sun and the Earth, or MODIS to be precise. To better illustrate the SDSM overall performance, its responses are normalized to the mission beginning after corrections are made to remove the effects due to Earth-Sun distance, SD BRF, and solar zenith angle. The normalized responses are illustrated in Figure 6 . After normalization, the SD view responses exhibit a relatively smooth trend. Still remaining in the SDSM Sun view response trending are small residual patterns caused by the SDSM screen, even after averaging over multiple scans. For a given SDSM detector, the ratios of the response trending from the SD view to the Sun view are used to track SD on orbit degradation at its corresponding wavelength. The Sun view responses provide a reference for the ratios. This approach works reasonably well for the long-term time series. However, on a short-term basis, especially at the beginning of the mission, the approach of simply using the ratios from individual detectors could not produce an accurate SD degradation. To mitigate the SDSM Sun view screen effect, MCST has developed an alternative approach by normalizing the SDSM detector responses to the response from detector 9. In general, MODIS SD has experienced a larger degradation at shorter wavelengths and the degradation at the D wavelength has been very small. Results of Aqua MODIS SD on-orbit degradation (yearly accumulated) derived from SDSM SD view and Sun view responses are presented in Figure 7 (left) as a function of SDSM detector wavelength. From the Sun view responses alone, the SDSM system response degradation can be determined. Similar yearlyaccumulated results are also illustrated in Figure 7 (right). After 10 years of on-orbit operation, Aqua MODIS SD (BRF) has degraded 19% at 0.41 μm, 13% at 0.47 μm, 8% at 0.53μm, 7% at 0.55 μm, 4% at 0.65 μm, 2% at 0.75 μm, 1% at 0.86 μm, 0.5% at 0.90 μm, and 0.5% at 0.94 μm. Meanwhile, the SDSM detector responses have decreased 5% at 0.41 μm, 3% at 0.47 μm, 3% at 0.53μm, 2% at 0.55 μm, 2% at 0.65 μm, 4% at 0.75 μm, 18% at 0.86 μm, 28% at 0.90 μm, and 37% at 0.94 μm. Unlike SD degradation, the SDSM detector degradation is larger at longer (NIR) wavelength. The wavelength dependent SD on-orbit degradation is mainly due to the solar (UV) exposure. Other MODIS optics, such as the two-sided scan mirror, also experienced the degradation with similar wavelength dependence. However, the larger changes in SDSM system responses at the longer NIR wavelengths are not due to solar (UV) exposure. The most probable cause for the SDSM response degradation in the NIR region has been determined to be the degradation of the detectors responsivity due to displacement damage with exposure to high-energy protons. The root cause determination for the SDSM NIR response degradation is the result of a series of on-orbit diagnostic tests and detector level radiation testing performed on the VIIRS SDSM 11 , which also is exhibiting similar response degradations in the NIR. Both the MODIS and VIIRS SDSM detectors are from the same manufacturer and have the same part number. The large change in the SDSM detector responses in the NIR should have little impact on its capability of tracking SD on-orbit degradation as SDSM is only used as a ratioing radiometer. Even after 10 years, there are still enough signals, or margins in the signal to noise ratios, from each of Aqua MODIS SDSM detectors (see Figure 5 ). Similar analyses have also been performed for Terra MODIS. An additional precaution is required to evaluate the Terra MODIS SDSM onorbit performance. This is because it has operated under different configurations since its launch. In addition, its SDD operational configuration was also changed since July 2003. Since then, all SD view observations have been made with the SDS at the closed (down) position. The changes of electronic configurations have some impact on SDSM detector response trending but not on its degradation trending as detector (electronic) gains are cancelled in the ratios between the SD view and Sun view responses. For Terra MODIS, results of its SD on-orbit degradation and SDSM detector response degradation are illustrated in Figure 8 . Compared to Aqua MODIS, Terra MODIS SD has experienced much larger degradation over time. The accelerated degradation occurred after its SDD was permanently set at the "open" position in July 2003. As expected, the increased frequency of solar exposure (even with SDS in place) has caused a much faster SD degradation in Terra MODIS. Since SDSM detector response degradation in the NIR regions is primarily due to displacement damage of the detectors with exposure to high-energy protons, the NIR response degradation is independent of solar UV exposure. Therefore, the change made to the SDD operation configuration has negligible effect on the observed NIR response degradation. From Figures 7 and 8 , Terra and Aqua MODIS SDSM detectors show a very similar wavelength dependent degradation, with the largest change at the detector 9 wavelength. The long-term overall SDSM detector degradation is slightly smaller for Terra MODIS than for Aqua MODIS, even though Terra has been operated approximately 2.5 years longer than Aqua. This difference is small and is likely due to differences in effective radiation shielding between Terra/MODIS and Aqua/MODIS, plus differences in susceptibility between individual detectors.
VIIRS, on-board the recently launched S-NPP satellite, is a follow-on instrument to Terra and Aqua MODIS. Its SDSM design was improved based on lessons learned from MODIS SDSM design and on-orbit performance. The design defect in MODIS SDSM sub-system that caused large ripples in its Sun view response was corrected in the VIIRS SDSM. Thus, VIIRS SDSM Sun view responses have been smooth within the calibration angular range (see papers by Jeff McIntire and Jon Fulbright in these proceedings). VIIRS does not have a SDD like MODIS. As a result, the SD calibration is performed every-orbit. VIIRS SD calibration is performed with an attenuation screen permanently placed in front of the SD. Like MODIS, the SDSM is operated via command uploads to the spacecraft at desired frequencies. Since launch, the VIIRS SDSM has been operated more frequently than MODIS. The VIIRS SD/SDSM calibration strategy has been developed to meet the need for its operational support. Overall performance of VIIRS SD/SDSM calibration system in terms of wavelength dependent degradation is very similar to MODIS. Larger degradation is observed at shorter wavelengths and the SDSM detector degradation is larger at longer wavelengths. Table 4 is a summary of VIIRS SD and SDSM detector degradation after first 6 months of its on-orbit operation. Both the SD and SDSM detector degradation in VIIRS are larger than MODIS. For example, the SD degradation for Aqua MODIS after the first 6 months is about 2.0% at 0.41 μm and 1% at 0.45 μm, the SDSM detector degradation is about 0.7% at 0.75 μm and 5% at 0.94 μm. Large degradation difference between MODIS and VIIRS is partially due to their operational configuration and differences in calibration frequencies. 
SUMMARY
This paper provides a brief description of MODIS SDSM design functions, on-orbit calibration strategies, and performance in terms of its SD degradation and SDSM detector response degradation. For both Terra and Aqua MODIS, the SD degradation has been larger at shorter VIS wavelengths. With more frequent solar exposure, Terra MODIS SD degradation has been much faster than for Aqua MODIS SD, ever since the change of Terra's SDD operation configuration. To date (with more than 10 years of on-orbit operation), the largest SD degradation of Aqua MODIS is 19% at 0.41 μm, followed by 13% at 0.47 μm, 8% at 0.53 μm, and less than 0.6% at 0.94 μm. In comparison, the largest SD degradation of Terra MODIS (after more than 12 years of on-orbit operation) is 50% at 0.41 μm, followed by 38% at 0.47 μm, 26% at 0.53 μm, and less than 2% at 0.94 μm. The SDSM detector response degradation, on the other hand, has been larger at longer NIR wavelengths. Although with a similar overall degradation trend, the changes in Aqua MODIS SDSM detector responses are slightly higher than Terra MODIS. Early on-orbit performance of S-NPP VIIRS SDSM is very similar to MODIS with larger SD degradation at shorter VIS wavelengths and larger SDSM detector response degradation at the longer NIR wavelengths. The wavelength dependent degradation rates, based on results from first 6 months, are generally larger in VIIRS than in MODIS. As expected, lessons from Terra and Aqua MODIS, as well as from S-NPP VIIRS will also provide valuable information for the future JPSS VIIRS.
